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Surface modification of LiCoO2 by metal oxides was verified to be an effective way to retard the abrupt capacity fading of LiCoO2 cycled at
cut-off voltage higher than 4.2 V. In this study, LiCoO2 powders were coated with ZnO by the wet chemical method with a calcination process
under various temperatures. Morphological and structural characterization of the bare and ZnO-coated LiCoO2 before and after cycling was
carried out with field-emission scanning electron microscope (FE-SEM) and X-ray diffractometry (XRD). The electrochemical test results
confirmed that ZnO coating was indeed a feasible approach to enhance the electrochemical performance of LiCoO2 at high voltage. The modified
cathodes exhibited significantly improved capacity retention. In this material system, the optimal calcination temperature for ZnO-coated LiCoO2
is around 650 °C. Although the initial capacity of coated LiCoO2 derived at 650 °C was not the highest, its capacity retention was the most
favorable. The mechanism of the cycleability improvement was proposed with respect to structural evolution, cation mixing degree, and the
surface conditions.
© 2006 Elsevier B.V. All rights reserved.Keywords: Li-ion battery; Cathode material; Surface modification; Capacity retention; ZnO coating1. Introduction
LiCoO2 is one of the most successful commercialized
cathodes for Li-ion batteries owing to the relatively high
volumetric energy density, better cycling and thermal stability.
However, its cycleability is seriously deteriorated as cycling at
high cut-off voltage (N 4.2 V). Wang et al. [1] focused on the
structural evolution of LiCoO2 and discovered that electro-
chemical cycling would lead the layered cathode to be severely
strained and fractured. The structural damage and disorder
resulted in the capacity fading. On the other hand, many studies
revealed that the poor cycleability of LiCoO2 at high voltage and
high temperature was mainly due to impedance growth in the
cells, which was caused by the formation of the solid-electrolyte
interface (SEI) in the LiPF6-based electrolytes [2–4]. The
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can protect the transition metals from dissolving in electrolytes.
However, the inorganic films are highly resistive to the transport
of Li ions and will raise the cell impedance.
Recently, surface coating has been discovered to be a good
method for improving the high-voltage cycleability of LiCoO2.
There are many suitable coating materials, such as metal oxides
(Al2O3 [4,5], MgO [6], SnO2 [7], SiO2 [4,8]…etc.) and phos-
phoric salt AlPO4 [9]. The coating composition and coating
procedure are critical to the electrochemical behavior of
modified LiCoO2 [4,5,9,10]. ZnO coating was revealed to be
an efficient method for improving the cycling stability of spinel
LiNi0.5Mn1.5O4 cathodes at high cut-off voltage [11,12]. Sun et
al. [12] claimed that ZnO coating could enhance the cycle life of
cathodes because ZnO would react with HF, which was harmful
to the electrochemical performance of cathodes [2]. Recently,
ZnO was testified as an effective coating material and the
most appropriate concentration of coated Zn ions was around
0.2 wt.% [13]. In this study, the effect of calcination temperature
on the cycling performance of LiCoO2 was investigated from
the view points of not only the structural evolution, but also the
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utilization, the properties of cycled LiCoO2 cathodes were also
probed and discussed.
2. Experimental details
The commercial LiCoO2 powders were coated with ZnO by
a wet chemical method. The detailed process was reported
elsewhere [13]. The concentration of Zn2+ ions in the coating
solution was fixed at 2 wt.% and the only alteration was the
various calcinations temperatures to reveal the optimal heating
temperature for surface coating. The selected heat-treatment
temperatures (350, 450, 550, 650 and 750 °C) were higher than
the oxidation temperature of Zn2+ ions deposited on LiCoO2,
which was decided with differential scanning calorimetry (DSC,
DSC131, Setaram Labsys, France).Fig. 1. SEM images of the bare and ZnO-coated LMorphological observation of the LiCoO2 powders before
and after cycling as well as the element distribution revealed by
X-ray color mapping was carried out with a newly developed
field-emission electron probe microanalyzer (FE-EPMA, JSA-
8500F, JEOL, Japan). The phase identification was achieved by
X-ray diffractometry (XRD, Rigaku, D/Max-B, Japan) with a
wavelength of λ=1.5406 Å for CuKa. Structural parameters,
such as lattice constants and intensity ratio, were calculated by
derived XRD data.
The electrochemical performance of the LiCoO2 cathodes
was examined by 2032 two-electrode test cells consisted of a
cathode, metallic lithium anode, polypropylene separator and an
electrolyte of 1 M LiPF6 in EC/EMC (1:2 vol.%). The cathode
contained 94 wt.% active materials, 4 wt.% carbon black and
2 wt.% PVDF binder. The components were ball-milled for
homogeneous mixing followed by coating on aluminum foilsiCoO2 calcined at various temperatures for 5 h.
1888 T. Fang, J.-G. Duh / Surface & Coatings Technology 201 (2006) 1886–1893and then dried at 130 °C for 12 h. The cells were assembled in a
Ar-filled glove box and cycled at the rate of 0.1 C for the first
cycle and then 0.2 C after the second cycle between 3.0 and
4.5 V. After 30 cycles, the cathodes were taken out from
disassembled cells, immerged in acetone for 6 h and then
characterized with XRD and FE-SEM.
3. Results and discussion
3.1. Morphology and phase identification
The SEM images of LiCoO2 before and after surface
modification are shown in Fig. 1. It was observed that the
commercial LiCoO2 particles exhibited smooth surfaces. After
being coated and calcined below 750 °C, some portions of
surfaces of the ZnO-coated LiCoO2 were covered with nano-
sized particles, while other portions retained the smooth
morphology. With increasing calcination temperature, these
nanoparticles would cluster together and grow, leading to
larger particle sizes. When the calcination temperature was
raised as high as 750 °C, the nanoparticles disappeared and
only smooth surface was revealed. Fig. 2 is the SEM image of
coated LiCoO2 calcined at 450 °C with higher magnification
and the corresponding X-ray color mapping for Zn taken with
FE-EPMA. The nanoparticles were identified to be Zn-rich
compounds. Furthermore, Zn could also be detected on theFig. 2. The micrographs of the ZnO-coated LiCoO2 calcined at 450 °C for 5 h.
(a) Secondary electron image and (b) X-ray color mapping for Zn.smooth surfaces. Detailed microstructure analyzed by TEM
and SAD patterns testified that the nanoparticles were ZnO,
and the smooth surface was covered with Zn-rich film, which
was around 10 nm in thickness [14]. It was observed that all
the surfaces covered with ZnO particles were flat planes of
LiCoO2 particles, which were suggested to be the basal planes
of the CoO2 layers. Consequently, the selective distribution of
ZnO particles was attributed to the deposition of a large
portion of Zn2+ ions on these flat planes caused by coulombic
attraction of negatively charged Co3+O2 basal planes to Zn
2+
ions. After calcinations, Zn2+ ions on the flat surfaces oxidized
and grew to form ZnO nanoparticles because the amount of
Zn2+ was relatively large than that on the curved surfaces.
It was reported that in the Al2O3- and SnO-coated LiCoO2,
solid solutions LiCo1−xAlxO2 and LiCo1−xSnxO2 would be
formed at the interface between LiCoO2 and the coating layer
[7,15]. Disappearance of ZnO particles from LiCoO2 surfaces
after 750 °C calcinations shown in Fig. 1 implied that ZnO
particles were decomposed during high-temperature calcina-
tion, and thus released Zn2+ ions were speculated to diffuse into
LiCoO2 crystals to form Zn-doped LiCoO2. In ZnO-coated
LiCoO2, the ability of Zn
2+ diffusion should be greatly
influenced by the heating temperature. To confirm the diffusion
of Zn2+, lattice constants of bare and coated LiCoO2 were
calculated from the XRD patterns (Fig. 3). In addition, lattice
constants of LiCoO2 powders aged in pure methanol without
Zn2+ and calcined at 650 °C for 5 h were also calculated. Fig. 4(a)
and (b) shows that the lattice constant “a” was almost
temperature-independent, while the lattice constant “c” was
obviously varied with temperature. The c value of calcined
LiCoO2 without Zn was much larger than that of the bare one.
The c-axis expansion indicated that coulombic repulsions
between the CoO2 layers were generated during aging and
calcination because a part of Li+ ions removed from the inter-
layer. After ZnO coating and calcinations, some Zn2+ diffused
into the interslabs and occupied vacant Li+ sites. The positive
charge of substituted Zn2+ compensated the coulombic repul-
sions and thus the c axis was shortened. The amount of Zn2+
ions diffused into LiCoO2 crystals would increase with the
calcination temperature. It's manifested by the gradually de-
creased c value with rising temperature, as shown in Fig. 4(b).
The more Zn2+ ions in the interlayer, the shorter distance
between CoO2 layers was resulted. However, with temperature
up to 750 °C, the c axis immediately expanded. It's inferred that
after Zn2+ filled the vacant Li+ sites between 650 and 750 °C,
Li+ dissipation happened with further heat treatment.
Moreover, the intensity ratio of (003)/(104) derived from the
XRD patterns, as shown in Fig. 4(c), could also give some
useful information about the crystallography of LiCoO2. It is
known that in the ordered LiCoO2 crystals, Li and Co ions
occupy the 3b and 3a octahedral sites in a cubic close-packed
oxygen sub-lattice [1]. If the cation arrangement is disordered,
some Li ions will become electrochemical inactive and lead to
lower capacity. The degree of cation mixing, which is harmful
to electrochemical performance of layered cathodes, will be
reflected by the intensity ratio of (003)/(104). The higher ratio is
correlated to the lower degree of cation mixing [16–18],
Fig. 3. XRD patterns of the bare and ZnO-coated LiCoO2 calcined at various temperatures for 5 h.
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illustrates that the I003/I104 became larger with increasing
calcination temperature, indicating that the higher calcination
temperature resulted in more enhanced layered characteristics of
LiCoO2. Moreover, it was claimed that Zn doping would raise
the I003/I104 ratio of LiCoO2 [19].
Accordingly, even the peak positions of the XRD patterns
shown in Fig. 3 were similar to those of pristine and ZnO-coated
LiCoO2, it was sensible to suggest that the Li1−yZnyCoO2 solid
solution would be formed during calcination. From the variation
of structural parameters described above, higher heating tem-
perature would lead to larger inter-diffusion depth of Zn ions
from the LiCoO2 surfaces. Since the Zn content in the all
modified cathodes was constant, the larger diffusion depth of Zn
implied the higher proportion of Li1−yZnyCoO2 existed in the
LiCoO2 surface region, as compared with that of ZnO. On the
basis of the above argument, the cross-section of a ZnO-coated
LiCoO2 particle varied with calcination temperature is illustrat-
ed in Fig. 5. The higher calcination temperature, the more Li1−y
ZnyCoO2, yet ZnO became less.
3.2. Electrochemical performance
Fig. 6 shows the cycling stability and charge–discharge
curves of the bare and ZnO-coated LiCoO2 calcined at different
temperatures. The correlation between discharge capacity
retention at the 30th cycle (C30 /C1⁎100) and calcination tem-
perature was illustrated in Fig. 4(d). It revealed that the optimalcalcinations temperature for ZnO-coated LiCoO2 was 650 °C.
Although the initial capacity of this cathode derived at this tem-
perature was not the highest, its capacity stability was the best.
From Fig. 6(b), no matter what calcination temperature was,
the charge–discharge curves of all the ZnO-coated LiCoO2
cathodes displayed a small voltage plateau between 4.1 and
4.2 V. The plateau demonstrated that the coated cathodes would
undergo a two-phase coexistence region during charge and
discharge. Generally, this would lead to inferior cycling stability
[20]. However, the ZnO-coated LiCoO2 in this study still
showed much superior cycleability. Therefore, it was argued
that the influence of 4.1 V phase transition on the electrochem-
ical performance of LiCoO2 was limited. For the improvement
in electrochemical performance of LiCoO2 by surface coating,
only consideration of the bulk properties was not enough to
work for the improvement in electrochemical performance of
LiCoO2 by surface coating. In fact, the surface reaction between
cathode and the electrolyte was also significant.
3.3. Structural variation after cycling
XRD patterns of the cycled cathodes are shown in Fig. 7. The
identified phase was the same as LiCoO2 before cycling.
However, peak broadening occurred in the cycled LiCoO2,
indicating the reduction for the crystallinity of LiCoO2 particles
after extended cycling. In general, because the LiCoO2 particles
in the electrode have undergone rolling and pressing, which
introduces preferred orientation of some LiCoO2 particles, the
Fig. 4. Crystallographic and electrochemical properties of bare and ZnO-coated LiCoO2 calcined at various temperatures. Lattice constants (a) a and (b) c, (c) the
intensity ratio I003/I104 and (d) capacity retention C30 /C1 (The cut-off voltage is 3.0–4.5 V. The current rate is 0.1 C at the 1st cycle and 0.2 C after the 2nd cycle). The
lattice constants of calcined LiCoO2 without Zn were showed as hollow symbols in (a) and (b).
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stronger than that of original LiCoO2 powders. After cycling,
the ratio will drop off owing to the deteriorated cation mixing of
LiCoO2 [18]. In comparing the relative intensity of (003) to
(104) after 30 cycles as shown in Fig. 7, it was noticeable that
the intensity ratios of all the ZnO-coated LiCoO2 powders
(Fig. 7(b) to (f)) were much higher than that of the coated
LiCoO2 powders (Fig. 7(a)). This verified that ZnO coating not
only reduced the degree of cation mixing for un-cycled LiCoO2
particles, it also retarded the structural disorder of LiCoO2
during electrochemical cycling.3.4. Morphological evolution after cycling
After being disassembled from the cycled cell, all the bare
LiCoO2 particle surfaces were covered with amorphous SEI
films,whichwere not removable by acetone, as shown in Fig. 7(a).
In general, the SEI films on the cathode surfaces consisted of
organic and inorganic species. In this study, the disassembled
cathodes were immerged in acetone, hence most of the organic
films should be removed. In this way, the visible film on cycled
LiCoO2 was considered to be the inorganic films. A recent study
revealed that these inorganic surface films were testified to be
Fig. 5. Schematics of cross-sectional view for ZnO-coated LiCoO2 particle varied with the calcination temperatures.
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capacity retention. This demonstrated that besides the inferior
layered characteristics and higher cation disorder, the bare
LiCoO2 exhibited the worst cycleability at high cut-off voltage
owing to the severe interface reactions between cathode and
electrolyte.
Regarding surface morphologies of the ZnO-coated LiCoO2
particles varied with the heating temperature. As shown in
Fig. 8, the cycled ZnO-coated LiCoO2 calcined at 350, 450 and
550 °C exhibited clean surfaces like the un-cycled LiCoO2 and
almost no residual film was observed. For the heating tem-
perature up to 650 °C, slight coverage of inorganic films on the
LiCoO2 surfaces was observed. The sample calcined at 750 °C
showed such more obvious existence of LiF films. This pheno-
menon can be explained by the difference in the proportions ofFig. 6. Electrochemical performance of the bare and ZnO-coated LiCoO2 calcined at vLi1−yZnyCoO2 and ZnO existed on the LiCoO2 surfaces before
cycling as shown in Fig. 5.
It was reported [14] that ZnO coating on the cathode
surfaces would react with HF produced by the reaction of
fluorinated anion with residual H2O. HF is known to be
harmful to the electrochemical performance of cathodes,
because it reacts with surface carbonate species and produce
LiF, which is highly resistive to Li ion migration and
consequently raises the cell impedance [2]. LiF is one of the
main species in the inorganic SEI films. In this study, the
amount of ZnO on LiCoO2 calcined at higher temperature was
reduced, so fewer HF would be eliminated and more LiF was
produced. Therefore, the coated LiCoO2 particles were covered
with larger amount of inorganic SEI films during cycling, as
shown in Fig. 8. The morphology shown in Fig. 1 manifestedarious temperatures for 5 h. (a) Cycling stability and (b) charge/discharge curves.
Fig. 7. XRD patterns of the bare and ZnO-coated LiCoO2 calcined at various temperatures for 5 h after 30 cycles between 3.0 and 4.5 V.
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LiCoO2 crystals after 750 °C calcinations, as discussed before.
This implied that few ZnO remained on LiCoO2 surfaces in
this sample, as indicated in Stage C of Fig. 5. Unfortunately,
this would result in worse coverage of inorganic films after 30
cycles in ZnO/LiCoO2 calcined at 750 °C as compared to other
ZnO-coated samples. This was the reason of decreased
capacity retention of the 750 °C-calcined ZnO/LiCoO2
electrode shown in Fig. 4(d).
Although the retention of this 750 °C-calcined sample was
inferior to that of the other ZnO-coated ones, it was still much
superior to that of the bare LiCoO2. Consequently, the
improvement of electrochemical performance in ZnO-coated
LiCoO2 was contributed from the structural stability as well as
the surface protection by modification with Zn. The Li1−y
ZnyCoO2 layer was beneficial for higher ordered crystal
structure, and the ZnO films could prevent LiCoO2 from being
covered with inorganic SEI films. Since the higher temperature
led to more Li1−yZnyCoO2 and less ZnO, there should exist an
optimal heat-treatment temperature for surface coating. On the
basis of combined results shown above, the optimal temper-
ature was confirmed to be 650 °C in this study.
4. Conclusions
Electrochemical performance of the commercial LiCoO2 at
high voltage has been greatly improved by ZnO surface coating.After calcinations, ZnO and Li1−yZnyCoO2 would exist in the
LiCoO2 surface region. Controlling the calcination temperature
in the coating procedure could determine the relative amount of
Li1−yZnyCoO2 and ZnO, which played different roles incapacity
stability. The LiCo1−xZnxO2 layer exhibited higher ordered
crystal structure, and the ZnO films could prevent LiCoO2 from
HF attack. Considering the bulk structure and surface
properties, the cycling behavior of modified LiCoO2 would
vary with the heating temperature, exhibiting an optimal value
for surface coating. The layered characteristics of ZnO-coated
LiCoO2 were enhanced with the calcination temperature and
their cation mixing was prevented below 650 °C. However, for
the temperature higher than 650 °C, even the structural property
of layered LiCoO2 was more favorable for Li ion migration, the
increasing deposited LiF films on LiCoO2 surfaces would
deteriorate the capacity fading owing to its high resistance to
Li+ ion migration. As a result, it was demonstrated that the best
cycling stability occurred at an optimal calcination temperature
of 650 °C for ZnO-coated LiCoO2 cathodes.
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Fig. 8. SEM images of the bare and ZnO-coated LiCoO2 calcined at various temperatures for 5 h after 30 cycles between 3.0 and 4.5 V.
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